O-Mannosylation dependent on the protein O-mannosyltransferase (Pmt) family is an essential post-translational modification process in eukaryotes, but their connection to the biocontrol potential of a filamentous entomopathogen against arthropod pests is not understood. Here, we characterized the functions of three Pmt orthologues (Pmt1, Pmt2 and Pmt4) in the Pmt family of Beauveria bassiana and found that they were positive, but differential, regulators of the fungal growth, conidiation, multi-stress tolerance and virulence. Three Pmt2 knockdown mutants (ΔPmt2 was lethal), ΔPmt1 and ΔPmt4 grew 20-79% slower on nutrition-rich and limited media. Their conidial yields on a standard medium were reduced by 17-62%, accompanied with delayed germination. All the mutants became significantly less tolerant to most stresses of cell wall perturbation, high osmolarity, oxidation, wet heat and UV-B irradiation during colony growth and conidial germination and lost virulence by 53-62% via cuticle infection, although their virulence via hemocoel injection was not affected. Strikingly, these phenotypic defects were accompanied with remarkable cell wall damage, including thinner cell wall, lower conidial hydrophobicity and altered cell wall composition. All the changes were well restored to wild-type levels by targeted Pmt1 or Pmt4 complementation. Our results indicate for the first time that Pmt1, Pmt2 and Pmt4 are all required for the full biocontrol potential of B. bassiana despite differential contributions.
Introduction
O-Mannosylation is a process of post-translational modification that is essential for correct conformation and stabilization of various effector proteins in eukaryotic cells (Klis 2004) . The first step of this process is catalyzed by protein O-mannosyltransferases (PMTs), a family of highly conserved, integral membrane proteins located in endoplasmic reticulum (Gentzsch and Tanner 1997; Strahl-Bolsinger et al. 1999 ) and classified to the Pmt1, Pmt2 and Pmt4 subfamilies (Strahl-Bolsinger et al. 1993; Gentzsch and Tanner 1996) . In budding yeast, Pmt1 and Pmt2 form several distinct heterodimers in contrast to Pmt4 homodimer (Girrbach and Strahl 2003) and all of them involve in cell wall integrity, cell polarity and morphogenesis (Girrbach et al. 2000) . There exists only a single member in each Pmt subfamily of some filamentous fungi (Willger et al. 2009; Mouyna et al. 2010 ) and fission yeast (Willer et al. 2005) . Candida albicans PMTs may affect antifungal resistance and virulence as well as morphogenesis (Prill et al. 2005) because their target proteins include chitinases, proteases, glucan synthases, heat-shock proteins and virulence-related cell surface antigens (Ernst and Prill 2001) . In Cryptococcus neoformans, PMTs also mediate osmotolerance, thermotolerance, cell wall integrity and virulence (Olson et al. 2007; Willger et al. 2009 ). Higher eukaryotes harbor even fewer PMTs. In Drosophilla melanogaster lacking Pmt4, for instance, recessive mutations of Pmt1 and Pmt2 may result in clockwise twist of the fly abdomen by 60 to 90° (Martin-Blanco and Garcia-Bellido 1996; Lyalin et al. 2006) . A human Pmt (POMT1) may cause Walker-Warburg syndrome when recessive mutation occurs (Beltran-Valero et al. 2002; Manya et al. 2004) .
Attention to the functions of fungal PMTs has been increasing in the past few years. Inactivation of Pmt4 resulted in abnormal growth, defective conidiation and associated proteomic changes in Aspergillus fumigatus despite lethal ΔPmt2 and no phenotypic change in ΔPmt1 (Mouyna et al. 2010) , which contrasts to the higher sensitivity of the same fungal ΔPmt1 to osmotic or thermal stress (Zhou et al. 2007 ). In A. nidulans, ΔPmt1, ΔPmt2 and ΔPmt4 were all viable and more or less defective in cell wall integrity, osmotolerance, hyphal growth and asexual development (Kriangkripipat and Momany 2009) . In Botrytis cinerea, the three Pmt orthologues played critical roles in morphogenesis, growth, virulence and multi-stress responses (González et al. 2013 ). Pmt4 has also proved essential for the pathogenicity of Ustilago maydis (Fernández-Álvarez et al. 2012) . These reports have revealed the effects of different Pmt members on the biological aspects of different fungi although not all the previous studies paid sufficient attention to Pmt effects on multi-stress responses and virulence, which are critical for fungal adaptation to environment and host.
Filamentous entomopathogens have been widely applied for arthropod pest control. Of those, Beauveria bassiana may have evolved entomopatogenicity 200 million years ago and thus can infect the broadest spectrum of hosts among all fungal pathogens known to date (Wang and Feng 2014) . Since unicellular conidia are excellent active ingredients of many fungal insecticides (de Faria and Wraight 2007) , conidial tolerances to outdoor high temperature, solar UV irradiation and agrochemicals are influential on the field persistency and efficacy of a fungal formulation and thus largely determinant to the fungal biocontrol potential (Feng et al. 1994) . However, the connection of the Pmt family to the biocontrol potential of an entomopathogenic fungus has not been explored. A recent genomic study has revealed that orthologuous Pmt1, Pmt2 and Pmt4 exist in B. bassiana (Xiao et al. 2012 ). This study sought to characterize the functions of each Pmt by multi-phenotypic analyses of single-gene disruption or knockdown mutants and comparisons of their intracellular and cell surface features. We found that the three Pmt orthologues in B. bassiana were all positive, but differential, regulators of growth, conidiation, virulence and cell responses to nutritional, cell wall perturbing, hyperosmotic, oxidative, thermal and UV-B irradiative stresses.
Results
Features of three Pmt orthologues in B. bassiana All Pmt sequences of budding yeast in NCBI database were used as queries to blast Pmt homologues from the annotated genome of the wild-type strain B. bassiana ARSEF 2860 (Bb2860 or WT herein), generating three distinctive sequences of 902, 739 and 764 amino acids with the respective molecular sizes of 100.4, 83.8 and 86.7 kDa. The identified sequences are 38-83% identical to those known in other fungi and distinctively classified to the Pmt1, Pmt2 and Pmt4 subfamilies, respectively ( Figure 1A ). All of them are characteristic with an N-terminal PMT domain typical for the Pmt family and activity, three MIR (i.e. mannosyltransferase, IP3 and RyReceptor) domains located in central hydrophilic region and associated with the transferase activity (Girrbach et al. 2000) , and four C-terminal transmembrane domains (Supplementary data, Figure S1 ). The PMT and MIR domains of the three Pmt orthologues share the respective sequence identities of 70-91% and 22-45% with the counterparts of other fungi.
The transcript levels of three Pmt genes in the cDNAs derived from the WT cultures over the time of incubation on Sabouraud dextrose agar plus 1% yeast extract (SDAY) at 25°C were assessed via quantitative real-time PCR (qRT-PCR). As a result, Pmt2 and Pmt4 were transcribed more abundantly during conidiation than during hyphal growth under normal conditions but the situation was reverse for Pmt1 ( Figure 1B ). All the three Pmt genes were differentially transcribed in the WT cultures grown under osmotic, oxidative and cell wall perturbing stresses ( Figure 1C ).
Disruption and knockdown of three Pmt genes Pmt1 and Pmt4 were successfully disrupted and complemented because the correct recombination events were confirmed via PCR, qRT-PCR and Southern blotting (Supplementary data, Figure S2A -C) with paired primers (Supplementary data, Table S1 ). However, we failed to obtain Pmt2 disruption mutants in repeated attempts with the same protocol (up to 500 mutant colonies generated and examined), perhaps due to its indispensability for B. bassiana. Alternatively, hairpin RNA-interfered (RNAi) method ) was adopted to construct Pmt2 knockdown (KD) mutants. As a result, three KD mutants (Pmt2-KDs) were selected from 144 putative transformants grown on selective medium because their Pmt2 transcripts were best repressed by 74-85% (Supplementary data, Figure S2D ). Notably, Pmt1 and Pmt4 showed similar transcript levels in both WT and complemented mutants (control strains) but their transcripts were undetectable in the cDNAs of ΔPmt1 and ΔPmt4 respectively. The transcription levels of Pmt2 and Pmt4 in ΔPmt1, Pmt1 and Pmt4 in Pmt2-KDs, and Pmt1 and Pmt2 in ΔPmt4 were up-regulated by 57-60%, 1.2-2.6 fold and 28-63%, respectively. As a result, total PMT activity for the transfer of [3H] mannose from Dol-P-[3H] mannose to the synthetic acceptor peptide Ac-YATAV-NH 2 was reduced by 48% in ΔPmt1, 71% in ΔPmt4 and 15-20% in three Pmt2-KDs but showed no significant difference among the control strains ( Table I ). The reductions of total PMT activity in the disruption and knockdown mutants confirmed the status of Pmt1, Pmt2 or Pmt4 orthologue in B. bassiana. Thus, ΔPmt1, ΔPmt4 and three Pmt2-KDs were evaluated together with the control strains for their phenotypic changes in triplicate experiments below.
Defects of Pmt mutants in growth, conidiation and viability Pmt2-KDs, ΔPmt1 and ΔPmt4 grew significantly (20-79%) slower on the plates of nutrition-rich SDAY, minimal Czapek agar (CZA) and 12 CZA-derived media than the control strains, which showed similar colony sizes after 7-day growth on each medium at 25°C (Table II) . They were less able to use glucose, mannose, ethanol, glycerin, trehalose or NaAc as sole carbon and NO 3 À , NH 4 þ or NO 2 À as sole nitrogen and also less tolerant to the starvation of carbon, nitrogen or both.
Conidial yields measured from SDAY cultures differed significantly among the tested strains (P < 0.01 in F tests) over the days of incubation at 25°C. Conidiation became more defective in ΔPmt4 and Pmt2-KDs than in ΔPmt1 (Figure 2A ). Compared with three control strains, ΔPmt1, ΔPmt4 and Pmt2-KDs lost conidial yields by 45-97% on day 5, 36-96% on day 6, 19-67% on day 7 and 17-62% on day 8. Moreover, their conidia germinated significantly (13-24%) slower on germination medium (GM) at 25°C due to longer GT 50 , a time length required for 50% germination ( Figure 2B ), but the germ tubes extended from viable Multi-functions of three Pmt genes in B. bassiana 
SDAY 4.18 ± 0.04a 3.38 ± 0.08b 1.06 ± 0.03d 2.23 ± 0.03c 2.25 ± 0.03c 2.18 ± 0.08c 4.28 ± 0.21a 4.15 ± 0.00a CZA 2.35 ± 0.05a 0.84 ± 0.05c 0.61 ± 0.00d 1.09 ± 0.05b 1.07 ± 0.03b 1.09 ± 0.05b 2.35 ± 0.05a 2.35 ± 0.05a C deleted 2.11 ± 0.04a 0.83 ± 0.03b 0.59 ± 0.04c 0.84 ± 0.05b 0.82 ± 0.04b 0.87 ± 0.00b 2.11 ± 0.04a 2.11 ± 0.04a Glucose as C 2.38 ± 0.05a 1.13 ± 0.00b 0.55 ± 0.04d 0.79 ± 0.00c 0.79 ± 0.00c 0.80 ± 0.02c 2.38 ± 0.05a 2.38 ± 0.05a Mannose as C 1.99 ± 0.03a 0.88 ± 0.03b 0.42 ± 0.03d 0.79 ± 0.00c 0.79 ± 0.00c 0.81 ± 0.05bc 1.99 ± 0.03a 1.99 ± 0.03a Ethanol as C 0.85 ± 0.03a 0.49 ± 0.01b 0.29 ± 0.01c 0.34 ± 0.02c 0.34 ± 0.02c 0.34 ± 0.02c 0.85 ± 0.03a 0.85 ± 0.03a Glycerin as C 1.94 ± 0.04a 1.06 ± 0.03b 0.60 ± 0.03d 0.77 ± 0.02c 0.76 ± 0.02c 0.77 ± 0.02c 1.94 ± 0.04a 1.94 ± 0.04a Trehalose as C 2.77 ± 0.07a 1.23 ± 0.00b 0.59 ± 0.04c 1.13 ± 0.04b 1.12 ± 0.02b 1.14 ± 0.02b 2.77 ± 0.07a 2.77 ± 0.07a NaAc as C 1.38 ± 0.05a 0.73 ± 0.04b 0.35 ± 0.02d 0.51 ± 0.01c 0.50 ± 0.00c 0.51 ± 0.01c 1.38 ± 0.05a 1.38 ± 0.05a N deleted 3.18 ± 0.04a 1.95 ± 0.06b 1.01 ± 0.05d 1.61 ± 0.04c 1.61 ± 0.03c 1.65 ± 0.00c 3.18 ± 0.04a 3.18 ± 0.04a NH 4 Cl as N 3.16 ± 0.04a 1.52 ± 0.03b 1.04 ± 0.01c 1.55 ± 0.03b 1.55 ± 0.03b 1.57 ± 0.03b 3.16 ± 0.04a 3.16 ± 0.03a NaNO 2 as N 2.46 ± 0.05a 1.38 ± 0.05b 0.64 ± 0.00d 1.09 ± 0.05c 1.07 ± 0.03c 1.07 ± 0.03c 2.46 ± 0.05a 2.46 ± 0.05a NH 4 NO 3 as N 2.51 ± 0.03a 1.41 ± 0.04b 0.80 ± 0.02d 1.25 ± 0.03c 1.25 ± 0.03c 1.23 ± 0.00c 2.51 ± 0.03a 2.51 ± 0.03a C and N deleted 2.16 ± 0.05a 1.06 ± 0.03b 0.75 ± 0.04c 0.75 ± 0.04c 0.79 ± 0.03c 0.74 ± 0.03c 2.16 ± 0.05a 2.16 ± 0.05a a All media except SDAY are nutritionally limited by deleting or changing the sole source of carbon (3% sucrose) or nitrogen (0.3% NaNO 3 ) in standard CZA. b Means with different letters in each line differed significantly (Tukey's HSD, P < 0.05) in one-way ANOVA (P < 0.0001 in all F tests).
conidia showed little morphological changes (Supplementary data, Figure S3 ). Interestingly, conidial hydrophobicity was significantly lowered by 14-24% for ΔPmt1, ΔPmt4 and Pmt2-KDs compared with those ( 0.85) from the control strains ( Figure 2C ).
Higher sensitivities of Pmt mutants to stressful chemicals
Conidia from the SDAY cultures were assessed for their responses to two oxidants ( Figure 3A ), two osmotic agents ( Figure 3B ) and two cell wall perturbing agents ( Figure 3C ). Based on conidial germination relative to unstressed control, three control strains were equally responsive to each chemical stress during 24 h incubation at 25°C (Tukey's HSD, P > 0.05). In contrast, ΔPmt1 became 54% more sensitive to Congo red, followed by H 2 O 2 (43%) and four other agents (11-19%); ΔPmt4 was more sensitive to two oxidants (≥41%) than Congo red (37%), SDS (30%), sorbitol (29%) and NaCl (20%). Three Pmt2-KDs exhibited the highest sensitivity to sorbitol ( 43%), followed by H 2 O 2 (17-28%) and NaCl (14-17%).
Effective concentrations (EC 50 s) of all the stressful chemicals required for 50% suppression of colony growth were estimated by modeling analysis of colony sizes over the gradients of each chemical. The EC 50 s from the control strains were consistently similar (Tukey's HSD, P ≥ 0.15) but significantly higher than most of the estimates from the Pmt mutants. As illustrated in Figure 3D -F, ΔPmt1 and ΔPmt4 showed slight or little change in osmotolerance but were equally more sensitive to the two oxidants than three Pmt2-KDs, which were least tolerant to sorbitol and NaCl during growth. The EC 50 s of Congo red and SDS were reduced, respectively, by 54 and 15% in ΔPmt1, and 17 and 26% in ΔPmt4 while the cell wall perturbation exerted little effect on the growth of Pmt2-KDs.
Reduced biocontrol potential in Pmt mutants
Phenotypic parameters determinant to the fungal biocontrol potential were assessed by exposing conidia to the gradient intensities of UV-B irradiation and wet-heat stress at 45°C and by assaying conidial virulence to Galleria mellonella larvae inoculated through topical application and intrahemocoel injection. Firstly, mean LT 50 estimated as an index of conidial thermotolerance by modeling analysis was 31 (±0.4) min for ΔPmt1, 34 (±0.2) min for ΔPmt4, and 46 (±0.3) min for Pmt2-KDs ( Figure 4A ). These estimates were significantly shortened by 42, 36 and 13% compared with the mean (±SD) LT 50 of 54 (±0.6) min from the control strains (Tukey's HSD, P < 0.05). The UV-B LD 50 was lowered by 16-37% for the Pmt mutants compared with the mean of 0.335 (±0.005) J/cm 2 from the control strains. Secondly, all the Pmt mutants showed 53-62% slower kill action against the larvae due to longer LT 50 s in the bioassays of topical application although intrahemocoel injection of 500 conidia per Multi-functions of three Pmt genes in B. bassiana larva resulted in similar LT 50 s (F 7,16 = 2.73, P = 0.045) for all the tested strains ( Figure 4B ).
Impaired cell wall in Pmt mutants
Lectin-binding assays were carried out to differentiate the distribution of carbohydrate epitopes on the surfaces of conidia labeled with fluorescence-labeled concanavalin A (ConA), Galanthus nivalis lectin (GNL) and wheat germ agglutinin (WGA). As a result of flow cytometry, the probes of ConA, GNL and WGA differentiated the distributions of carbohydrate epitopes on the surfaces of labeled conidia from different strains (Supplementary data, Figure S4 ). Compared with the readings from the control strains, ConA [specific to α-glucose and α-N-acetylglucosamine (α-GlcNAc)] bound to conidial surface was quantitatively reduced by 13% in ΔPmt1, 25% in ΔPmt4 and 6-16% in Pmt2-KDs ( Figure 5B ). Also, GNL (specific to mannose residues) and WGA (specific to β-GlcNAc and sialic acids) were 18 and 42% less bound to conidial surface of ΔPmt1, 44 and 42% less to ΔPmt4, and 15-29% and 21-28% less to Pmt2-KDs, respectively.
As revealed by transmission electron microscopy (TEM), all the Pmt mutants lost partial outer layer of conidial walls, which became thinner and/or obscure between cell periphery and cytoplasm, as revealed by more accumulation of electron-dense material (stain) in cytoplasm ( Figure 6A-H) . In contrast, conidial walls were well defined for the control strains. Consequently, conidial wall thickness measured from 5 to 7 ultrathin sections of each strain decreased to only 58-66 nm of Pmt mutants from 110.4 (±6.9) nm of the control strains ( Figure 6I ).
Discussion
As presented above, the Pmt1, Pmt2 and Pmt 4 orthologues in B. bassiana involve in the differential regulation of not only growth, conidiation, germination, host infection and cell wall integrity but also cell responses to osmotic, oxidative, thermal and UV-B stresses, thereby affecting profoundly the fungal biocontrol potential. Their differential functions and possible mechanisms are discussed below.
First, Pmt2 disruption was lethal in B. bassiana, as reported previously in other fungi (Prill et al. 2005; Willger et al. 2009; Mouyna et al. 2010 ) and fission yeast (Willer et al. 2005) , and thus silenced via RNAi in this study. The blocking or depression of protein O-mannosyltion in ΔPmt1, ΔPmt4 and Pmt2-KDs caused defects in growth, conidiation and germination, highlighting a significance of each Pmt for the fungal life. As a result of the lowest PMT activity detected, ΔPmt4 was most defective during growth on nutrition-rich and minimal media, followed by the worst conidiation. This indicates that Pmt4 could make the greatest contribution to the total PMT activity in B. bassiana and hence the fungal response to nutritional cues for growth and conidiation. In contrast, ΔPmt1 and Pmt2-KDs showed mild defects during growth on most of the tested media and their final conidial yields were closer to each other although ΔPmt1 started conidiation earlier on SDAY. The effects of the three PMTs on the growth and conidiation of B. bassiana are in agreement with those observed in A. nidulans (Kriangkripipat and Momany 2009) but different from the null effect of Pmt1 in A. fumigatus (Mouyna et al. 2010) .
Second, Pmt1, Pmt2 and Pmt4 in B. bassiana are all positive regulators of cell responses to the stresses of different types due to reduced multi-stress tolerances in Pmt mutants. Pmt1 was proved to not only involve in the regulation of antioxidation, osmotolerance and UV-B resistance but act as the most important regulator of cell wall integrity and conidial thermotolerance. Compared with Pmt1, Pmt4 is equally or more important for the fungal responses to oxidation, UV-B and heat despite its null role in osmoregulation. Pmt2 is also a regulator of conidial thermotolerance and UV-B resistance, contributing more to osmotolerance than antioxidation, but is not involved in response to cell wall perturbation. Apparently, Pmt1, Pmt2 and Pmt4 are functionally differential in anti-stress responses of B. bassiana. Our results are consistent with some of the examined cell responses of one to three single Pmt deletion mutants to cell wall perturbing, osmotic and/or thermal stresses in other fungi (Zhou et al. 2007; Kriangkripipat and Momany 2009; Willger et al. 2009 ) but different from the major contribution of Pmt2 to cell wall stability in B. cinerea (González et al. 2013) .
Finally, Pmt1, Pmt2 and Pmt4 in B. bassiana were found for the first time to make nearly equal contributions to the fungal virulence via conventional cuticle infection because singlegene disruption or knockdown slowed down the fungal kill action by 53-62%. The slowed kill action is well in accordance with the attenuated virulence of C. neoformans ΔPmt1 and 2 ) of wet-heat stress (45°C) and UV-B irradiation against conidia. (B) LT 50 (no. days) estimated for the virulence of fungal strains against G. mellonella larvae infected by immersion in 10 7 conidia/mL suspension and hemocoel injection of 500 conidia per capita. Asterisked bars in each group differ significantly from those unmarked (Tukey's HSD, P < 0.05). Error bars: SD from three repeated assays. 
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ΔPmt4 (Willer et al. 2005 ) but differs from the unaffected virulence of A. fumigatus ΔPmt1 (Zhou et al. 2007 ) and the indispensability of Pmt2 for B. cinerea pathogenicity (González et al. 2013) . These indicate that the effect of each Pmt on virulence may vary with different host-pathogen interactions. Since hydrophobins harbor several mannose residues O-linked via threonine residues in N-terminal regions (de Vocht et al. 1998) , the blocking or depression of O-mannosylation by the single Pmt disruption or knockdown resulted in a remarkable reduction of conidial hydrophobicity. The decreased hydrophobicity could be partially causative of the defective virulence of our Pmt mutants because lowered hydrophobocity may reduce a chance for conidial adhesion to host cuticle (Zhang et al. 2011 ). However, the fungal virulence assayed by intrahemocoel injection did not differ significantly between the Pmt mutants and the control strains, hinting that the three PMTs could be unlikely involved in B. bassiana response to host immune defense after entry into the hemocoel. Additionally, the use of the Pmt2-KD mutants in our study could underestimate the effects of Pmt2 on the fungal phenotypes including virulence and multi-stress tolerance due to our failure to generate ΔPmt2.
Materials and methods

Microbial strains and cultures
The wild-type strain Bb2860 used as a recipient of gene manipulation was normally grown at 25°C on SDAY (4% glucose, 1% peptone and 1.5% agar plus 1% yeast extract). Fungal mutants were grown on CZA (3% sucrose, 0.3% NaNO 3 , 0.1% K 2 HPO 4 , 0.05% KCl, 0.05% MgSO 4 and 0.001% FeSO 4 ) for stress responses. Escherichia coli Top10 and DH5α strains from Invitrogen (Shanghai, China) were cultured in LuriaBertani medium plus with kanamycin (100 μg/mL) for plasmid propagation. Agrobaterium tumefaciens AGL-I used for fungal transformation was cultured in YEB broth (Fang et al. 2004) at 28°C.
Structural, phylogenetic and transcriptional analyses of Pmt orthologues in B. bassiana The genome of Bb2860 under the NCBI accession ADAH00000000 (Xiao et al. 2012 ) was blasted online (http:// blast.ncbi.nlm.nih.gov/blast.cgi) using the queries of all Pmt sequences (Pmt1-7) of budding yeast in NCBI protein database, generating three Pmt sequences classified distinctively to the Pmt1, Pmt2 and Pmt4 subfamilies, respectively. These three Pmt sequences (NCBI codes: EJP63368, EJP63582 and EJP70423, respectively) were structurally compared with those known in filamentous fungi and yeasts via online SMART (Letunic et al. 2012) , followed by phylogenetic analysis with MEGA5 software (Tamura et al. 2011) .
To characterize temporal transcript patterns of three Pmt genes, Bb2860 was grown at 25°C for 7 days on cellophane-overlaid (CO) SDAY plates spread with 100 μL aliquots of 10 7 conidia/ mL suspension (the same below unless specified). From day 2 onwards, total RNA was extracted from daily sampled culture using RNAiso Plus Kit (Takala, Dalian, China) and reversely transcribed into cDNAwith PrimeScript RT reagent Kit (Takala). Each cDNA sample (10× dilution) was used as template to assess relative transcript level of each Pmt in the cultures of days 3-7 vs. day 2 via qRT-PCR with paired primers (Supplementary data, Table S1) using the fungal 18S RNA as internal standard and the 2 −ΔΔCt method (Livak and Schmittgen 2001) . Additionally, the transcript changes of each Pmt in responses to different chemical stresses were assessed, as described above, with cDNA samples derived from the 3-day WT cultures of CO-CZA plates supplemented with NaCl (1 M), menadione (0.2 mM), H 2 O 2 (2 mM) and Congo red (0.3 mg/ mL). The relative transcript level of each Pmt was expressed as the ratio of its transcript under a given stress over that in the unstressed control.
Generation of Pmt mutants
The plasmids p0380-bar and p0380-sur-gateways (Xie et al. , 2013 were used as backbones for single Pmt disruption and complementation, respectively. The 3′ and 5′ ends of the coding sequence of each Pmt were amplified from WT via PCR with two pairs of designed primers (Supplementary data, Table S1 ) under the action of LaTaq ® DNA polymerase (TaKaRa, Dalian, China). The amplified fragments were digested with restriction enzymes (EcoRI/BamHI and XbaI/BglII for Pmt1; XmaI/BamHI and XbaI/ BglII for Pmt4) and then ligated into the corresponding restriction sites of p0380-bar, forming p0380-xup-bar-xdn, where x and bar denote each Pmt and the first bar marker (phosphinothricin resistance gene). The plasmid for each Pmt complementation was constructed by cloning its full-length sequence with flanking regions from WT with paired primers (Supplementary data, Table S1 ) and recombining it into p0380-sur-gateway to exchange for the gateway fragment under the action of Gateway ® BP Clonase™ II Enzyme Mix (Invitrogen). The resultant p0380-sur-Pmtx vectored the sulfonylurea resistance gene sur as marker 2. The two plasmids were mobilized into A. tumefaciens AGL-I and transformed into WT or the disruption mutant of each Pmt following the protocol of Agrobaterium-mediated transformation (Fang et al. 2004) . Putative mutants grown on M-100 plates supplemented with cefotaxime (300 μg/mL) for the suppression of A. tumefaciens growth were screened in terms of their resistance to phosphinothricin (200 μg/mL for disruption mutants) or chorimuron ethyl (10 μg/mL for complemented mutants) added to the medium. The correct recombination events were verified with their genomic DNAs via PCR, qRT-PCR and Southern blotting with paired primers and amplified probes (Supplementary data, Table S1 ). For Southern blotting, 30 μg DNAs extracted from the SDAY cultures of WT and each mutant were digested with SpeI/ XhoI and ApaI/XhoI, separated in 0.7% agarose gel, and then transferred to Biodyne B nylon membrane (Gelman Laboratory, Shelton, WA) in Trans-Blot SD Electrophoretic Transfer Cell (Bio-Rad, Hercules, CA). Probe preparation, membrane hybridization and visualization were carried out using DIG High Prime DNA Labeling and Detection Starter Kit II (Roche, Mannheim, Germany).
Since enormous efforts failed to disrupt Pmt2 with the same protocol, hairpin RNAi method ) was adopted to construct plasmids for silencing Pmt2. Its coding sequence (2221 bp) was divided into the segments of S1 (874 bp), S2 (832 bp) and S3 (696 bp). The RNAi cassettes were designed as inverted S1, S2 or S3 repeats separated by a 320-bp loop. The three fragments were amplified from the cDNA with three pairs of sense and antisense primers (Supplementary data, Table S1 ), digested with appropriate restriction enzymes (S1: SpeI/NcoI and BamHI/EcoRV; S2 or S3: SpeI/NcoI and EcoRI/ EcoRV), and then inserted into pAN52-bar (Ying and Feng 2006) , forming pAN52-bar-xsilence (x = S1, S2 or S3). Each of the RNAi plasmid was integrated into WT genome using the method of blastospore transformation (Ying and Feng 2006) . Putative mutants taken from M-100 plates plus phosphinothricin (200 μg/mL) were grown at 25°C for 3 days on cellophaneoverlaid SDAY (CO-SDAY) plates spread with 100 μL of conidial suspension. Total RNAs extracted from the cultures (mycelia) were reversely transcribed into cDNAs for estimation of their Pmt2 transcript in each RNAi mutant vs. WT via qRT-PCR using the same protocol as above. Three RNAi mutants (Pmt2-KDs) with maximal Pmt2 knockdown were evaluated together with ΔPmt1, ΔPmt4 and three control strains (WT, ΔPmt1/Pmt1 and ΔPmt4/Pmt4) in triplicate experiments below.
Assay of total PMT activities in Pmt mutants
Cell walls were isolated from the hyphal cells of each strain grown at 25°C for 2 days in Sabouraud dextrose broth (agarfree SDAY) containing 10 7 conidia/mL. The hyphal cells were collected by filtration, washed repeatedly with sterile water and then ground in liquid nitrogen. The homogenates were suspended in 10 mL of 50 mM Tris-HCl ( pH 7.5) containing 0.3 mM MgCl 2 , 1 mM phenylmethylsulfonyl fluoride (PMSF) and 10 mM mercaptoethanol. Cell debris was removed by centrifugation at 12,000 × g at 4°C for 10 min. The supernatant was centrifuged at 70,000 × g for 1 h. The resultant cell wall extract was dissolved in 50 mM Tris-HCl ( pH 7.5) containing 0.3 mM MgCl 2 , 1 mM PMSF and 33% glycerol. The membrane protein concentration was adjusted to 10 mg/mL for activity assay.
Total PMT activity in the solution was assayed as described elsewhere (Weston et al. 1993) . The 50 μL reaction system consisted of 0.02 μCi of Dol-P-[3H] mannose (American Radiolabeled Chemicals), 3.5 mM Ac-YATAV-NH 2 (acceptor peptide), 5 μL of 20% Triton X-100, 10 μL of 0.2 M HEPES ( pH 7.5), and 25 μg of extracted membrane proteins. After incubation at 25°C for 30 min, the reaction was terminated by adding 1 mL of a mixture of 60% chloroform and 40% methanol, followed by adding 200 μL of sterile water. The PMT activity (dpm/mg/h) was determined using a liquid scintillation counter. Three samples of each strain were included in the assay.
Assessment of growth rates on different media
Aliquots (1 μL) of 10 6 conidia/mL suspension were centrally spotted on the plates of SDAY, CZA and 12 CZA-derived media with altered carbon or nitrogen source and availability. The derivation was achieved by deleting 3% sucrose, 0.3% NaNO 3 or both from standard CZA, replacing the carbon source with 3% of glucose, mannose, ethanol, trehalose, glycerin or acetate (NaAc) and replacing the nitrogen source with 0.3% of NaNO 2 , NH 4 NO 3 or NH 4 Cl respectively. All the spotted plates were incubated for 7 days at 25°C and 12:12 h (light/dark cycle) and their colony diameters were crossmeasured as growth indices on the media.
Assessment of conidiation capacity and conidial viability
To assess conidiation capacity, 200 μL aliquots of conidial suspension were evenly spread on CO-SDAY plates and incubated for 7 days at 25°C and 12:12 h. From the third day onwards, colony disks (5 mm diameter) were daily taken from each of the plates with a borer and individually washed in 1 mL of 0.02% Tween 80 by 10 min vibration. Conidial concentration in the suspension was determined using microscopic counts with a hemocytometer and converted to the number of conidia per cm 2 colony. The viability of the conidia from the SDAY culture of each strain was assessed by spreading 100 μL aliquots of conidial suspension onto GM plates (2% sucrose and 0.5% peptone plus 1.5% agar) and incubated for 24 h at 25°C and 12:12 h. Percent germination on each plate was assessed at 2 h interval using the counts of germinated and ungerminated conidia from three microscopic view fields per plate.
Assay of cell responses to stressful chemicals
The effects of oxidative, osmotic and cell wall perturbing stresses on conidial germination were assayed by spreading 100 μL aliquots of conidial suspension onto GM plates containing menadione (0.2 mM), H 2 O 2 (2 mM), NaCl (1 M), sorbitol (2 M), SDS (0.2 mg/mL) and Congo red (0.3 mg/mL), respectively. After 24 h incubation at 25°C, percent germination in each plate under a given stress was assessed as described above.
Aliquots of 1 μL suspension (10 6 conidia/mL) were centrally spotted on the plates of CZA supplemented with the gradients of NaCl (0.1-0.8 M), sorbitol (0.5-3 M), menadione (5-50 μM), H 2 O 2 (1-4 mM), SDS (50-300 μg/mL) and Congo red (1-20 μg/mL). After 7-day incubation at 25°C and 12:12 h, each colony diameter was cross-measured to compute colony area in each stress treatment and control (free of any stressful chemical).
Assessment of biocontrol potential
Three phenotypes determinant to the fungal biocontrol potential were examined in three repeated experiments. For each strain, conidial thermotolerance was assessed by exposing 1 mL aliquots of 10 8 conidia/mL suspension (in 10 mL glass tubes) to hot water bath at 45°C for up to 90 min as described elsewhere (Li and Feng 2009 ). During the period, 100 μL aliquot was pipetted from each tube every 15 min and released into a glass tube containing 1 mL of germination broth (GB). After 24 h shaking (150 rpm) at 25°C, percent germination was determined using three pipetted samples from each tube. Conidial tolerance to UV-B irradiation was assayed using our previous protocol (Yao et al. 2010) . Briefly, 10 μL aliquots of 10 7 conidia/mL GB were spotted onto marked area ( 10 mm diameter) of glass slides and then exposed to the irradiation of the weighted UV-B wavelength of 312 nm at the gradient doses of 0.1-0.5 J/cm 2 in Bio-Sun ++ UV chamber (Vilber Lourmat, Marne-la-Vallée, France). Subsequently, the slides plus control (not irradiated) were incubated for 24 h at 25°C under saturated humidity. Percent germination on each slide was determined using three microscopic counts as above.
The virulence of each strain against G. mellonella larvae ( 300 mg per capita) was bioassayed with two different methods. First, batches of 30 larvae were immersed in 20 mL of 10 7 conidia/mL suspension (treatment) or 0.02% Tween 80 (control) for 7 s and then transferred onto paper towels to remove excessive water. Second, the larvae of each batch were inoculated by injecting 5 μL of 10 5 conidia/mL suspension (treatment) or 0.02% Tween 80 (control) into the haemocoel of each larva (Zhang et al. 2011) . After inoculation with either method, the larvae of each batch in Petri dish (15 cm diameter) were maintained at 25°C for 7 days and monitored at 12 h interval for mortality records.
Assessment of conidial hydrophobicity
Conidial hydrophobicity influential on adhesion to insect cuticle was assayed as described previously (Holder et al. 2007 ). Conidia from 7-day SDAY cultures were washed three times with reaction buffer (160 mM K 2 HPO 4 , 52 mM KH 2 PO 4 , 30 mM urea and 1.7 mM MgSO 4 , pH 7.1), resuspended in the buffer and diluted to optical density of 0.4 at OD 470 (R 1 ). Aliquots (3 mL) of each suspension were thoroughly mixed with 300 μL hexadecane by three cycles of 30 s vortex at 30 s interval. After standing for 15 min, the hexadecane phase was carefully removed from each tube and the aqueous phase was kept for 30 min at 4°C to remove the residual solidified hexadecane. Finally, the aqueous phase was transferred to room temperature for reading the OD 470 value (R 2 ). Conidial hydrophobicity of each strain was calculated as (R 1 − R 2 )/R 1 .
Examination of cell wall damage
Cell wall composition and structure of conidia from the SDAY cultures of WT and each mutant were examined via fluorescence J-J Wang et al.
lectin-binding assay and TEM, respectively. Alexa fluor 488-labeled ConA, GNL and WGA from Molecular ProbesInvitrogen and Vector Laboratories were used to probe carbohydrate epitopes on the surfaces of aerial conidia as described previously (Wanchoo et al. 2009 ). Briefly, conidia were fully suspended in 0.02% Tween 80 and centrifuged at 12,000 × g. The collected conidia were fixed in 3% (v/v) formaldehyde for 30 min, washed three times with PBS buffer a mixture of 137 mM NaCl, 2.7 mM KCl, 8.1 mM K 2 HPO 4 and 1.5 mM KH 2 PO 4 , pH 7.4, and then resuspended in the buffer plus 0.02% Tween 80 (PBS-T), followed by centrifugation. The conidia collected as above were suspended in appropriate lectin-binding buffer for 1 h labeling with each lectin in darkness following the user's guide. Subsequently, unbound or residual lectin was removed by washing five times with the binding buffer. Fluorescent signal in 2 × 10 4 labeled conidia was quantified using flow cytometer FC500 MCL (Becman) with an argon laser at the excitation/ emission wavelengths of 488/530 nm. Each assay was repeated using at least three cell samples.
For TEM, the conidia of each strain were suspended in 0.02% Tween 80 and centrifuged as above. The collected conidia were fixed overnight in a mixture of 2.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M sodium cacodylate (pH 7.2) at 4°C. The fixed cells were washed three times in 0.1 M PBS (pH 7.0) and fixed with 1% buffered osmium tetroxide for 1 h, followed by standard procedures of PBS washing and dehydration in the gradients of 50-95% ethanol and 100% acetone. Dehydrated conidia were infiltrated with graded acetone-Spurrs epoxy resin and cured at 70°C. The ultrathin sections from the cured resin blocks were poststained on Formvar copper slot grids with 2% aqueous uranyl acetate and Reynold's lead citrate and observed on the TEM model Hitachi H-7650.
Data analysis
The ratio of colony size or percent germination of each strain under a given stress over that in the unstressed control was defined as relative viability (V r ). The V r trends over the time (T) of conidial germination during 24 h incubation at 25°C, the concentrations (C) of each stressful chemical, the doses (D) of the UV-B irradiation, and the time (T) of wet-heat stress at 45°C were separately fitted to the equation V r = 1/[1 + exp(a + bx)], where x denotes C, D or T. Solving the fitted equations at V r = 0.5 resulted in the time length required for 50% germination (GT 50 , h) of each strain under normal conditions, the effective concentration (EC 50 ) of each chemical required for the suppression of 50% colony growth, and the median lethal intensities of UV-B (LD 50 , J/cm 2 ) and the wet-heat stress (LT 50 , min) against conidia. Time-mortality trends from the bioassays of all the strains were subjected to probit analysis, yielding median lethal time (LT 50 , no. days) estimates for comparison. The measurements, solutions and estimates of all phenotypic parameters from three replicates (samples) or repeated assays were differentiated among the tested strains by one-way analysis of variance, followed by Tukey's honestly significant difference (HSD) test.
Supplementary data
Supplementary data for this article is available online at http:// glycob.oxfordjournals.org/.
